Cloned mouse embryos display a marked preference for glucose-containing culture medium, with enhanced development to the blastocyst stage in glucose-containing medium attributable mainly to an early beneficial effect during the first cell cycle. This early beneficial effect of glucose is not displayed by parthenogenetic, fertilized, or tetraploid nuclear transfer control embryos, indicating that it is specific to diploid clones. Precocious localization of the glucose transporter SLC2A1 to the cell surface, as well as increased expression of glucose transporters and increased uptake of glucose at the one-and two-cell stages, is also seen in cloned embryos. To examine the role of glucose in early cloned embryo development, we examined glucose metabolism and associated metabolites, as well as mitochondrial ultrastructure, distribution, and number. Clones prepared with cumulus cell nuclei displayed significantly enhanced glucose metabolism at the two-cell stage relative to parthenogenetic controls. Despite the increase in metabolism, ATP content was reduced in clones relative to parthenotes and fertilized controls. Clones at both stages displayed elevated concentrations of glycogen compared with parthenogenetic controls. There was no difference in the number of mitochondria, but clone mitochondria displayed ultrastructural alterations. Interestingly, glucose availability positively affected mitochondrial structure and localization. We conclude that cloned embryos may be severely compromised in terms of ATP-dependent processes during the first two cell cycles and that glucose may exert its early beneficial effects via positive effects on the mitochondria. glucose metabolism; mitochondrial ultrastructure; somatic cell nuclear transfer; cumulus cell nuclei; pentose phosphate pathway THE SUCCESSFUL DEVELOPMENT OF CLONED EMBRYOS produced by the technique of somatic cell nuclear transfer (SCNT) requires that the donor cell genome be reprogrammed by the oocyte. Although the specific molecular mechanisms of reprogramming remain largely undefined, the process should, in principle, involve some degree of silencing of the donor cell gene expression program followed by activation of the embryonic gene expression program. We recently reported that although many genes apparently are reprogrammed successfully within the first two cell cycles, Ͼ2,000 mRNAs are differentially expressed between clones and control embryos at the two-cell stage, including 880 mRNAs that are overexpressed in clones in a transcription-dependent manner and another 302 transcribed mRNAs that are underexpressed. The affected mRNAs span a variety of functional categories, most notably transcription factors, oxidoreductase activity, and transporter functions (43). These observations revealed a substantial amount of difference in gene expression between clones and control embryos that may render the two very different phenotypically.
glucose metabolism; mitochondrial ultrastructure; somatic cell nuclear transfer; cumulus cell nuclei; pentose phosphate pathway THE SUCCESSFUL DEVELOPMENT OF CLONED EMBRYOS produced by the technique of somatic cell nuclear transfer (SCNT) requires that the donor cell genome be reprogrammed by the oocyte. Although the specific molecular mechanisms of reprogramming remain largely undefined, the process should, in principle, involve some degree of silencing of the donor cell gene expression program followed by activation of the embryonic gene expression program. We recently reported that although many genes apparently are reprogrammed successfully within the first two cell cycles, Ͼ2,000 mRNAs are differentially expressed between clones and control embryos at the two-cell stage, including 880 mRNAs that are overexpressed in clones in a transcription-dependent manner and another 302 transcribed mRNAs that are underexpressed. The affected mRNAs span a variety of functional categories, most notably transcription factors, oxidoreductase activity, and transporter functions (43) . These observations revealed a substantial amount of difference in gene expression between clones and control embryos that may render the two very different phenotypically.
Preimplantation-stage cloned mouse embryos display a number of characteristics very different from control embryos and, in particular, manifest a number of somatic cell characteristics. These include differences in culture medium preference, expression of the somatic form of the DNA methyltransferase DNMT1, expression of molecular markers of donor cells (e.g., glucose transporter SLC2A4, also known as GLUT-4), and precocious localization of GLUT-1 to the cell surface (11, 12, 15, 16) . These observations indicate that the somatic cell donor nucleus is expressed and modifies cloned embryo phenotype, in some cases even before the first cleavage division. In combination with the DNA microarray data, these observations indicate that nuclear reprogramming is slow and/or incomplete, such that when the cloned embryo becomes transcriptionally competent, it expresses a broadened array of transcripts (12, 15) . The extent to which this broadened array of transcripts alters cloned embryo physiology, metabolism, and viability has not been examined in detail, but changes in culture medium preference suggest that the alterations may be substantial.
SCNT embryos differ from fertilized embryos with respect to carbon substrate requirements and energy production. These characteristics greatly distinguish somatic cells from normal fertilized embryos. During the first few cell cycles, normal embryos use predominantly small sugars, such as pyruvate and lactate, as carbon substrates and can complete early cleavage divisions without glucose (5, 6, 18, 22, 25, 27, 28) . Early embryos also differ from somatic cells in their repertoire of glucose transporters (1, 7, 8, 10, 15, 21, 26, 30, 32, 34, 35) . By the blastocyst stage, embryonic requirements are similar to those of somatic cells (5, 6, 18, 22, 25, 27, 28) . The mitochondria of mature oocytes and early mouse embryos also differ greatly from those of somatic cells (20, 29, 37, 38, 39) . Specifically, the mitochondria display a dense matrix and few archlike, circular, or transverse cristae until about the eight-cell stage. By the blastocyst stage, the mitochondria have less dense matrices and, mostly, transverse cristae. Total mitochondrial volume increases during preimplantation development. These changes correlate with an increased expression of mRNAs encoding cytochrome c oxidases IV, Vb, and VIIc and H ϩ -ATPase subunit 9 (P1) (40) . These observations reveal that the conversion of mitochondrial architecture and the shift of en-ergy substrate utilization are under coordinated, developmentally programmed control.
We observed a significant preference of cumulus cell cloned embryos for glucose during the one-cell stage (11) . SCNT embryos prepared with cumulus cell nuclei undergo the first cleavage division twice as frequently in the presence of glucose as in culture without glucose. Development to the blastocyst stage is enhanced for clones cultured in glucose-containing medium, primarily because of this early effect on progression to the two-cell stage (11) . This early beneficial effect of glucose is not seen with parthenogenetic, fertilized, or tetraploid nuclear transfer control embryos, indicating that diploid cloned constructs have a unique early requirement for glucose (11) . We also observed an increase in glucose uptake in cumulus and myoblast cloned embryos, aberrant expression of glucose transporter SLC2A4 (GLUT-4; typical of muscle cells) in myoblast clones, and precocious localization of SLC2A1 (GLUT-1) to the cell surface (15) .
To discover the role of glucose in promoting early cloned embryo development, we examined glucose metabolism and associated metabolites, as well as mitochondrial ultrastructure, distribution, and number, in SCNT and control embryos. We report that cloned embryos prepared with cumulus cell nuclei exhibit significant differences in some, but not all, parameters, most notably a higher rate of glucose metabolism, particularly through the pentose phosphate pathway at the two-cell stage, reduced ATP content, increased glycogen deposition, and aberrant mitochondrial ultrastructure and localization, which are sensitive to the availability of glucose. These results indicate unique responses of clones to glucose in the culture medium and a possible uncoupling of glucose metabolism from ATP production in cloned embryos, which may compromise nuclear reprogramming and development.
MATERIALS AND METHODS
Oocyte collection. Adult female (B6D2) F1 mice (8 -12 wk of age) were superovulated by administration of 5 IU of equine chorionic gonadotropin (Calbiochem, San Diego, CA) followed 48 h later by 5 IU of human chorionic gonadotropin (Sigma-Aldrich, St. Louis, MO) 48 h apart. The oocytes were isolated at ϳ14 -15 h after human chorionic gonadotropin injection, and cumulus cells were removed by hyaluronidase treatment in HEPES-buffered M2 medium and gentle pipetting, as described elsewhere (11) . All studies adhered to procedures consistent with the National Research Council Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at Temple University.
SCNT and embryo culture. Oocytes were cultured in CZB medium supplemented with 5.5 mM glucose, as described previously (11, 12, 14, 15, 17) . Spindle-chromosome complexes (SCCs) were removed using a narrow-bore pipette attached to a piezo pipette driver as described elsewhere (44) . Removal of the SCCs was performed in HEPES-buffered CZB medium (HCZB) supplemented with 5.5 mM glucose and 2.5 g/ml cytochalasin B (Sigma-Aldrich) (11) . Cloned embryos were prepared by introduction of cumulus cell nuclei into SCC-depleted oocytes. This was accomplished using piezo-mediated microinjection of nuclei after rupture of the donor cell membrane with gentle trituration for removal of the plasma membrane and most of the cytoplasm. The donor nuclei free of most of the cytoplasm were then injected into the recipient oocytes with use of a single piezo pulse to penetrate the plasma membrane without cell rupture. Parthenogenetic embryos were obtained from the same pools of oocytes used to make cloned embryos. The parthenogenetic and cloned embryos were activated simultaneously by 5.5 h of culture in Ca 2ϩ -free CZB medium supplemented with 10 mM Sr 2ϩ and cytochalasin B, as described elsewhere (44) . Dimethylsulfoxide was not employed at any step, to avoid the documented uncontrolled effects on cloned embryo characteristics (11) . Fertilized embryos were obtained by mating superovulated (B6D2)F1 females to (B6D2)F1 males, with isolation at the one-cell stage, as described previously (11) . All embryos were cultured in Whitten's medium (WM) (11) . WM was selected, because parthenotes, fertilized embryos, and clones prepared with eggs from (B6D2)F1 females develop efficiently beyond the two-cell stage in this medium (11) , whereas culture medium more highly optimized for normal embryos produces arrested development in clones and, thus, cannot be employed.
Analysis of glucose metabolism. For analysis of glucose metabolism, embryos were cultured overnight in WM until the late one-cell or the middle two-cell stage. To investigate glucose metabolism, we used [1- 14 C]glucose (7.4 MBq/ml, 200 Ci/ml), [6-14 C]glucose (7.4 MBq/ml, 200 Ci/ml), or [5- 3 H]glucose (37 MBq/ml, 1 mCi/ml; Amersham Bioscience or PerkinElmer) (13, 24) . With [1- 14 C]glucose, 14 CO2 is released via metabolism through the pentose phosphate pathway or glycolysis followed by the tricarboxylic acid (TCA) cycle. When [6- 14 C]glucose is employed, 14 CO2 is released exclusively via glycolysis followed by the TCA cycle. When [5- 3 H]glucose is employed, 3 H2O is released exclusively via glycolysis. 14 CO2 and 3 H2O are captured in a trap (see below) and then quantified by scintillation counting. By comparison of the rates of metabolism of the three different isotopically labeled compounds, it is possible to determine the rates of metabolism via the different pathways (13, 24) . For preparation of the metabolic measurement medium, the appropriate quantities of [1- 14 C]glucose, [6-14 C]glucose, and H]glucose were lyophilized under vacuum and then resuspended in the glucose-free HCZB. Cold nonradioactive glucose was added to bring the final glucose concentration to 4 mM. Embryos were placed in groups of 5-20 embryos (depending on the sensitivity of detecting metabolism of a given isotope) on the internal walls of the hollow plungers of 1-ml insulin syringes (Becton-Dickinson, Franklin Lakes, NJ) in 5 l of labeling medium (Fig. 1) . (This syringe is designed with a plunger that is open at the end that is inserted into the syringe but closed and airtight at the other end.) The syringes were loaded with 600 l of 0.1 M NaOH to trap the released 14 CO2 and 3 H2O. The plunger was then reinserted into the syringe, and the needle cap was reapplied. No difference in sensitivity or detection was observed between this syringe system and the Eppendorf hanging-drop system previously employed (13, 24) , but we found that this system is much less prone to accidental transfer of labeling medium to the trap and also permits quick and efficient collection of the trap. After 3 h of incubation at 37°C, the NaOH trap solutions were carefully expelled into scintillation vials, and radioactivity was measured by scintillation counting for 1 h. For each experiment, four blanks (drops without embryos) were incubated under the same condition that revealed background due to glucose degradation. Additionally, 5 l of HCZB were added directly into the four traps in each experiment for use in subsequent calculations. The rates of glucose metabolism were calculated as described Fig. 1 . Syringe system employed for glucose metabolism studies. Embryos are placed inside the hollow plunger, which is then inserted into the syringe with 0.6 ml of NaOH trap solution. This airtight system traps metabolites in the NaOH solution.
elsewhere (13) and expressed as picomoles per embryo per hour. Each experiment was repeated at least twice, with each experiment containing three to six samples of embryos.
Enzyme and metabolite assays. For the enzyme and metabolite assays, embryos were freeze-dried, as described elsewhere (9) . Individual embryos were then extracted under oil and subjected to microanalytic enzymatic cycling assays. ATP was measured in each embryo individually as described for embryos (9) . Similarly, intraembryonic glycogen levels were measured in single embryos, as reported elsewhere (31) . Adenyl kinase and glycogen synthase assays have been described previously (36) . All metabolite measurements were expressed as millimoles per kilogram wet weight with the value of 160 ng or 160 pl per embryo as measured (2) . Each experiment was performed at least three times, with a total of 10 -20 individual embryos assayed for each type of embryo.
Mitochondrial copy number. Mitochondrial DNA (mtDNA) content was determined by comparison of the ratio of mtDNA [NADHubiquinone oxidoreductase subunit 1 (ND1): 5Ј-CAG GAT GAG CCT CAA ACT CC-3Ј (forward primer) and 5Ј-GGT CAG GCT GGC AGA AGT AA-3Ј (reverse primer)] to nuclear DNA [nDNA; 18S ribosomal RNA: 5Ј TCG AGG CCC TGT AAT TGG AA-3Ј (forward primer) and 5Ј CCC TCC AAT GGA TCC TCG TT-3Ј (reverse primer)] (42) measured by real-time quantitative PCR using LightCycler FastStart DNA Master SYBR Green I reagents (Roche). Each embryo was transferred separately into 0.2-ml PCR tubes containing 1 l of 17 M SDS and 2 l of 125 g/ml proteinase K (45) and incubated at 37°C overnight and then for 15 min at 95°C to inactivate the enzyme. DNA was amplified in a 20-l-volume reaction mixture containing 4 l of SYBR Green 5ϫ PCR Master Mix, which contains FastStart Taq DNA polymerase, reaction buffer, dNTP mix, SYBR Green I dye, and MgCl 2 and 0.5 mol of the forward or reverse primer. PCR conditions were as follows: 95°C for 10 min followed by 45 cycles at 95°C for 10 s, 60°C for 5 s, and 72°C for 8 s. Immediately after amplification, samples were heated to 95°C immediately followed by 65°C for 15 s and then heated to 95°C immediately followed by cooling to 40°C for 30 s to create a melting curve for PCR product identification. The experiment was repeated three times, with 10 -30 samples of each type of embryo.
Transmission electron microscopy/mitochondrial ultrastructure. Five embryos from each treatment group were fixed in a mixture of 2% paraformaldehyde and 0.6% glutaraldehyde and postfixed with 1% osmium tetroxide in a sodium cacodylate buffer, dehydrated by an ascending ethanol series, and embedded in PolyBed 812 resin. Ultrathin sections were prepared using a microtome (Ultracut, Leica), placed on formwar-coated copper grids, stained with uranyl acetate and lead citrate, and examined under a Jeol 1200 EX microscope. At least three embryos from each group were evaluated subjectively for mitochondrial morphology and assigned a grade of good, fair, or poor (see RESULTS and Table 7) .
MitoTracker staining and analysis. For visualization of active mitochondria, embryos were incubated with 500 nM chloromethyltetramethylrosamine (MitoTracker; Molecular Probes, Eugene, OR) for 30 min in WM without glucose (WMϪ) or WM with glucose (WMϩ). MitoTracker is a vital, fixable fluorescent probe taken up specifically by live, active mitochondria. The samples were washed in medium for 60 min and then fixed for 30 min with 4% paraformaldehyde. Staining was visualized and embryos were photographed by Values are means Ϯ SE of number of measurements in parentheses. WMϪ, Whitten's medium (WM) without glucose; WMϩ, WM with glucose. *Significantly different from parthenogenetic embryos within the same culture medium (P Ͻ 0.05). †Significantly different from fertilized embryos within the same culture medium (P Ͻ 0.05). Values are means Ϯ SE. †Significantly different from fertilized embryos within the same culture medium (P Ͻ 0.05).
a microscope (Eclipse 800; Nikon Instruments, Melville, NY) equipped with epifluorescence and differential interference contrast optics. Images were acquired with standard settings at ϫ60 lens magnification, focusing on the largest, equatorial diameter of each embryo, using a Cool Snap camera (Roper Scientific, Tucson, AZ) and MetaMorph 7.1.0.0 software (Universal Imaging, Downington, PA). Morphometry was performed using the morphometric tool package in MetaMorph. Each embryo (5 embryos per treatment per stage) was traced manually along the oolemma to select the entire area of the embryo, and the relative pixel intensity value (raw value) was recorded and imported into Microsoft Excel for calculation of averages for each stage and treatment.
Statistical analysis. All experiments were performed at least twice, and most of the experiments were performed three times. Values are means Ϯ SE. Results were analyzed using Student's t-test, and P Ͻ 0.05 was considered significant.
RESULTS
The overall experimental design of these studies was comparison of the glucose metabolic activities and related parameters of diploid SCNT and control embryos. We employed two kinds of control embryos, parthenogenetic and fertilized. Parthenogenetic (B6D2)F1 embryos develop in WM to the twocell stage and beyond with an efficiency comparable to that of fertilized embryos (11, 16) . In contrast to fertilized embryos, parthenogenetic embryos can be isolated, cultured, and activated using identical procedures, simultaneously, and from the same pool of oocytes as SCNT embryos. Additionally, previous studies revealed significant differences in glucose uptake between cloned and parthenogenetic embryos, thereby providing an ideal opportunity for examination of the basis for increased glucose uptake and the subsequent fates of glucose in the different types of embryos. In vivo fertilized embryos were also isolated, cultured, and analyzed. Fertilized embryos provide less-than-ideal controls for evaluating changes in cloned embryo properties. Direct comparisons between cloned and fertilized embryos are complicated by the lack of synchrony among the fertilized cohorts and the difference in relative developmental staging between the two groups. Additionally, fertilized embryos are activated by sperm factors and possess a sperm-derived genome and, thus, differ significantly from cloned embryos. Comparisons between cloned and fertilized embryos may be skewed by these differences, whereas comparisons between clones and parthenotes avoid these differences. Nevertheless, it is valuable to compare results for SCNT and parthenogenetic embryos with data from fertilized embryos, inasmuch as this comparison provides an indication of the relative ranges of measurements among the three types of embryos. Consequently, cloned embryo properties are compared with parthenogenetic and fertilized embryo properties for assessment of alterations that are characteristic of cloned embryos.
Glucose metabolism. Glucose metabolism by late one-cellstage embryos was measured 14 h after activation (Table 1) . Measurements with the three different forms of radiolabeled glucose showed no significant difference between cloned and parthenogenetic embryos. Glucose metabolism by middle twocell-stage embryos was measured 25 h after activation ( [6- 14 C]glucose, for which we obtained values that were lower than expected on the basis of published data for other strains of fertilized embryos (36) . Thus the most pronounced difference in cloned embryos relative to parthenogenetic controls and fertilized embryos is the increase in metabolism via the pentose phosphate pathway. Values are means Ϯ SE of number of measurements in parentheses. *Significantly different from parthenogenetic embryos within the same culture medium (P Ͻ 0.05). †Significantly different from fertilized embryos within the same culture medium (P Ͻ 0.05). ‡Significantly different from WMϩ within embryo type (P Ͻ 0.05). ATP content. We next determined whether the increased rate of glucose uptake and metabolism in clones led to an increase in the ATP content, maintenance of a normal amount of ATP, or an ATP deficit. We applied a sensitive assay applicable at the level of single embryos to detect and quantify ATP (9) and collected embryos in a total of three independent series of experiments each for one-and two-cell stages: two cultured with WMϩ and one with WMϪ. Clones and parthenotes displayed no significant differences at the one-cell stage, but both contained significantly less ATP than the fertilized embryos (Table 2) . At the two-cell stage, clones displayed significant reductions in ATP content in all three experimental groups (range 9 -21% reduction) compared with parthenotes, regardless of the presence or absence of glucose. Once again, clones and parthenotes contained less ATP than fertilized embryos.
Adenylate kinase activity. Next, we sought to determine whether the ATP deficiency could be the result of a deficiency in adenylate kinase activity. There was no significant difference in activity between clones and parthenotes or between cloned and fertilized embryos at the one-or two-cell stage (Table 3) . Parthenotes displayed slightly less adenylate kinase activity than fertilized embryos at the one-cell stage. Activity remained virtually constant between the two stages for all three types of embryos.
Glycogen content. The above-described results fail to account for the previously observed preference of cloned embryos for glucose-containing medium during the one-cell stage (15) . In addition to the metabolism of glucose through the pentose phosphate pathway, glycolysis, and the TCA cycle, embryos can also convert glucose to glycogen, which could affect glucose availability for metabolic processes. Therefore, we examined glycogen content in one-and two-cell embryos (Table 4) . We observed no consistent difference between clones and parthenotes at the one-cell stage in WMϩ or WMϪ; however, clones and parthenotes contained less glycogen than the fertilized one-cell embryos. We observed at the two-cell stage that glycogen content was generally higher in WMϩ for clones and parthenotes. At the two-cell stage, we also found that clones consistently displayed increased glycogen contents relative to parthenotes, indicating that the cloned embryos respond to glucose with an enhanced accumulation of glycogen relative to the parthenogenetic control embryos at the two-cell stage, but not at the one-cell stage. Fertilized two-cell embryos contained more glycogen than cloned or parthenogenetic embryos at either stage.
Glycogen synthase activity. Because glycogen accumulation was increased in two-cell clones, we measured glycogen synthase activity at the two stages (Table 5 ). There was no significant difference in glycogen synthase activity among the three types of embryos at either stage.
Mitochondrial copy number.
To test whether a difference in mitochondrial copy number could underlie the ATP deficiency, we determined the relative mtDNA copy number by comparing the amount of the mitochondrial ND1 gene DNA with the nuclear encoded ribosomal 18S gene DNA (mtDNA-to-nDNA ratio). There was no significant difference in the mtDNA-tonDNA ratio between clones and parthenotes at the one-or two-cell stage. Clones and parthenotes had significantly lower mtDNA-to-nDNA ratios than the fertilized embryos at the two-cell stage, but only for WMϩ cultures (Table 6) .
Analysis of mitochondrial ultrastructure. The fertilized, cloned, and parthenogenetic embryos cultured in WMϩ were compared with the cloned and parthenogenetically activated embryos cultured in WMϪ at late one-cell and two-cell stages of embryo development in vitro. Normal mitochondrial morphology was seen in fertilized embryos ( Fig. 2A) and WMϩ cloned embryos (Fig. 2B) , characterized by a round shape and circular cristae at the one-cell stage (Fig. 2, A and B) or traverse cristae at the two-cell stage (Fig. 2, C and D; 2-cell WM), a regularly shaped central vacuole, uniform size of mitochondria, regular round or elongated mitochondrion shape, and an even distribution of mitochondria throughout the cytoplasm with no clustering or cortical localization.
The most common anomalies contributing to poor mitochondrial morphology include size variation, irregular shape, very large mitochondria with a large central vacuole ( Fig. 2E ; WMϩ parthenotes at the 2-cell stage), lack of cristae or disorganized cristae, decaying mitochondria without cristae displaying signs of breakdown such as the interrupted outer mitochondrial membrane and electron-dense clumps or nuages inside or adjacent to the mitochondria ( Fig. 2F ; WMϩ fertilized embryos at the 2-cell stage), and irregular central vacuole with cristae or lamellar membranes in the lumen ( Fig. 2G ; WMϪ fertilized embryos at the 2-cell stage). Concentric membrane ring structures near mitochondria ( Fig. 2H ; WMϩ fertilized embryos at the 2-cell stage) and mitochondrial clustering in the cytoplasm or around the nuclei ( Fig. 2I ; WMϩ cloned embryos at the 2-cell stage) were also observed. (For additional examples of the most common mitochondrial anomalies, see supplemental Figs. S1-S3 in the online version of this article.)
Mitochondrial morphology was rated subjectively as good, fair, or poor on the basis of prevailing size, shape, and ultrastructural characteristics of the mitochondria (Fig. 3) . Data summarized in Table 7 show that the best mitochondrial morphology consistent with previously described mitochondrial ultrastructure and distribution of mouse oocytes and zygotes (33, 41) was observed in the fertilized embryos at the one-cell stage and in the reconstructed/activated WMϩ embryos. The cloned WMϩ embryos had a better mitochondrial morphology than the parthenogenetically activated WMϩ em- Values are means Ϯ SE expressed as ratio of mitochondrial to nuclear DNA. †Significantly different from fertilized embryos within the same culture medium (P Ͻ 0.05). bryos. Surprisingly, the fertilized embryos cultured up to the two-cell stage showed "poor" mitochondrial morphology whether they were cultured in WMϩ or WMϪ. The cloned and parthenogenetically activated embryos cultured in WMϪ showed the poorest mitochondrial morphology (3 of 4 groups rated poor and 1 group rated "fair"). On the basis of treatment and developmental stage, only the fertilized embryos at the one-cell stage showed a consistently "good" mitochondrial morphology, regardless of the culture medium. Cloned embryos, however, displayed the most pronounced difference in mitochondrial morphology between WMϩ and WMϪ (2 of 2 good and 2 of 2 poor, respectively). Clones cultured in WMϪ displayed greater variability in mitochondrial size, fewer mitochondria with cristae, and degenerated mitochondria compared with clones cultured in WMϩ (Fig. 4) . To explore mitochondrial properties further, we labeled embryos with MitoTracker dye to visualize the overall distribution of active mitochondria (Table 8 ). For the one-cell stage in WMϩ, fertilized embryos displayed predominantly cortical mitochondrial localization, parthenotes displayed a combination of diffuse and perinuclear localization, and clones displayed predominantly perinuclear labeling. In WMϪ, the parthenogenetic and fertilized embryos tended to display enhanced perinuclear localization, whereas cloned embryos tended to display more diffuse localization across the cytoplasm. At the two-cell stage, clones and parthenotes displayed predominantly perinuclear localization, whereas the fertilized embryos displayed a combination of perinuclear and cortical localization (Fig. 5) . There was little difference attributable to glucose content, although perinuclear localization appeared more intense in all three types of WMϩ embryos (Fig. 5) . Because we observed a difference between clones and parthenotes in ATP content at the two-cell stage, we also measured overall staining intensity at the two-cell stage (Table 9) . We observed no statistically significant difference in overall MitoTracker staining intensities in any of the groups, although fertilized embryos tended to have the highest relative intensity averages.
DISCUSSION
The results of the present study constitute the first detailed examination of carbohydrate metabolism combined with analysis of mitochondrial ultrastructure, distribution, and number in early cloned embryos of any mammalian species. Previous studies revealed that cloned embryos exhibit a unique preference for glucose-containing medium as early as the one-cell stage, resulting in enhanced development to the blastocyst stage when glucose is provided (11) . In the present study, we show increased rates of glucose metabolism via the pentose phosphate pathway and glycolysis in cloned embryos at the two-cell stage prepared with cumulus cell nuclei relative to parthenogenetic controls; however, clones and parthenotes displayed lower overall rates of metabolism than fertilized twocell embryos. Clones displayed an ATP deficit at the two-cell stage compared with parthenotes and fertilized controls. This suggests that cloned embryos are likely handicapped in their ability to execute ATP-dependent cellular processes, thus restricting developmental progress. The ATP deficit also suggests that cloned embryos may have higher energy demands than control embryos, a characteristic that may arise from aberrant expression of ATP-requiring processes expressed in the somatic donor cell type, from increased ATP demands associated with the need to reprogram chromatin structure, or from increased ATP demands related to other aberrantly expressed gene activities. This result also indicates that the developmental potential of cloned embryos might be improved if the increased ATP demand could be satisfied by alteration of the culture environment or manipulation of the mitochondrial composition of clones.
The ATP deficiency might conceivably be related to deficiencies in mitochondrial function. Mitochondrial copy number appeared unaltered in clones, but the ultrastructural examination revealed that mitochondrial morphology and ultrastructure were not always favorable in cloned embryos, particularly in the WMϪ group. We have noted a greater incidence of aberrant mitochondrial morphologies in embryos cultured in WMϪ, regardless of stage. Cloned bovine embryos also display deficiencies in mitochondrial ultrastructure (19) . We observed little difference in MitoTracker staining of mitochondria at the two-cell stage. This indicates that clones are likely not experiencing an accelerated or deficient mitochondrial replication, but they may be affected by inherent problems with structure and mitochondrial function not revealed by these assays. These problems, to some extent, might be resolved by adjustment of the glucose content of the culture medium.
We also found that cloned two-cell embryos contain more glycogen than the parthenogenetic embryos but less than fertilized embryos at a comparable stage of development. Glycogen content in all three types of embryos was sensitive to the presence/absence of glucose in the medium, and the increase in glycogen content in response to glucose was greater in cloned than in parthenogenetic embryos. This may reflect the glycogen synthesis activity of the cumulus cell nuclear donors, with a donor cell gene expression pattern being imposed on the cloned embryos. There was no difference in glycogen synthase activity, however, and the much higher glycogen content in fertilized two-cell embryos indicates that glycogen synthesis and accumulation in clones are within the range of normal embryogenesis. Thus clones may simply be undergoing a slower rate of glycogen degradation than parthenotes and fertilized embryos. Also, a higher oxygen concentration can promote glycogen accumulation in fertilized embryos (23) . In this study, neither clones nor parthenotes displayed the same high concentration of glycogen found in the cultured fertilized embryos.
We previously observed that cloned embryos prepared with cumulus cell nuclei prefer glucose-containing medium for progression through the first cell cycle (11), a result that contrasts greatly with normal embryos and has not been explained. Glucose uptake and expression of glucose transporters are also altered in clones (15) . These unusual characteristics of cloned embryos indicate that the cumulus cell donor nucleus alters embryo phenotype even before the first cleavage divi- Values are means Ϯ SE, expressed in arbitrary units, for 4 -5 embryos. The same microscope settings were used for all measurements. . Embryo uptake of the vital mitochondrial dye chloromethyltetramethylrosamine (MitoTracker), reflective of mitochondrial activity and distribution. All groups displayed perinuclear localization of mitochondria, to various degrees, whereas cortical localization was observed uniquely in in vitro fertilized (IVF) embryos. IVF embryos also showed highest relative intensity of MitoTracker labeling, which was further enhanced by glucose in the culture medium (see Table  8 ). Perfocal images of MitoTracker-labeled embryos were obtained with differential interference contrast optics. All MitoTracker images are shown as acquired, i.e., as raw data without rebalancing of contrast and brightness. Mitotracker images are shown in both grayscale and in false color.
sion. The metabolic data obtained here for the one-cell stage fail to identify a metabolic basis for this early glucose requirement, inasmuch as none of the metabolic parameters display expected differences to account for this effect. This suggests that glucose may be serving some other function in the one-cell cloned embryo. Studies of normal one-cell embryos revealed the presence of glucose transporters in the nuclear compartment, suggesting possible signaling functions (4). Additionally, glucose may be required for protein glycosylation. A more likely explanation, however, is that glucose affects mitochondrial structure or function, even at this early stage. Indeed, at the one-cell stage, we observe a beneficial effect of glucose availability on mitochondrial morphology, ultrastructure, and perinuclear distribution. The perinuclear clustering of mitochondria in hamster embryos at the one-cell stage is associated with enhanced developmental potential (3), suggesting that the availability of glucose could influence clone developmental progression by affecting mitochondrial distribution. Interestingly, the differences between normal and abnormal mitochondrial morphology appeared to be more pronounced between clones grown in the two media than between parthenotes grown in the two media. This suggests that clones may respond more favorably than parthenotes to the presence of glucose, at least within the context of the WM formulation. We reported previously increased expression of a number of mRNAs encoding mitochondrial proteins, including the key regulator Tfam, in cumulus cell cloned embryos cultured in MEM␣, which also contains glucose (43) . Thus the preference of clones for glucose may be related to intracellular signaling, which ultimately controls mitochondrial function via a transcriptiondependent mechanism. The difference between cloned and control embryos with respect to the beneficial effects of glucose on mitochondrial ultrastructure and distribution indicates that some form of downstream signaling in response to glucose is lacking in normal embryos but is present in clones. The significant increases in the carbon substrate metabolism of cloned embryos prepared with cumulus cell nuclei vs. parthenogenetic and fertilized embryos, the beneficial effects of glucose on development and mitochondrial structure and localization, and the previously reported increase in expression of genes related to oxidative phosphorylation (43) indicate a failure to complete early reprogramming of gene expression. As a result, clones display characteristics of their somatic donor cells (cumulus cells), which are differentiated to metabolize glucose at increased rates in support of oogenesis (13) . In this sense, the enhancement of glucose metabolism through the pentose phosphate pathway is reminiscent of the hormoneresponsive increase in the pentose phosphate pathway in cumulus cells (13) . We propose that the slow pace of nuclear reprogramming constitutes a fundamental restriction that must be overcome if cloning efficiency is to be improved. The results presented here offer clues into how this may be accomplished by addressing the increased metabolic demands and deficiencies in the ATP production manifested in cloned embryos.
